Abstract. the overexpression of eyes absent (eya) 2 has been found in several human cancers. However, its biological roles and clinical significance in human astrocytoma have not yet been explored. This study investigated the clinical significance and biological roles of eya2 in human astrocytoma tissues and cell lines. using immunohistochemistry, we found eya2 overexpression in 33 out of 90 (36.7%) astrocytoma specimens. the rate of eya2 overexpression was higher in grade III-IV (48.1%) than in grade Ⅰ+Ⅱ astrocytomas (21.1%). transfection with an eya2 expression plasmid was performed in a172 cells with a low endogenous expression of eya2 and the knockdown of eya2 was carried out in u251 cells with a high endogenous expression using sirna. eya2 overexpression induced a172 cell proliferation and invasion, while the knockdown of eya2 using sirna decreased the proliferation and invasion of u251 cells. in addition, we found that transfection with the eya2 expression plasmid facilitated cell cycle progression, and that the knockdown of eya2 inhibited cell cycle progression, accompanied by a change in the expression of cell cycle-related proteins, including cyclin d1 and cyclin e. eya2 also positively regulated extracellular signal-regulated kinase (erK) activity and matrix metalloproteinase (mmP)9 expression. the blockade of erK signaling using an inhibitor abolished the effects of eya2 on a172 cell invasion and mmP9 production. in addition, we found that there was a positive correlation between eya2 and Six1 in the astrocytoma cell lines. immunoprecipitation revealed that eya2 interacted with Six1 protein in the u251 cell line, which exhibited a high expression of both proteins. eya2 failed to upregulate mmP expression in the a172 cells in which Six1 was silenced. on the whole, our data indicate that eya2 may serve as a potential oncoprotein in human astrocytoma. eya2 regulates astrocytoma cell proliferation and invasion, possibly through the regulation of erK signaling.
Introduction
astrocytoma is one of the most malignant tumors worldwide and its incidence is increasing. despite progress being made in diagnosis and treatment over the past decades, its prognosis remains poor (1) . the balance between tumor suppressors and oncogenes is very impo rtant during carcinogenesis and the progression of this malignant disease. finding novel oncogenes which play an important role in its development would be helpful for the development of novel therapeutics (2, 3) .
the maPK/erK signaling pathway is a highly conserved intracellular pathway that plays vital roles in the transmission of signals to the cell nucleus; these signals then transcriptionally regulate genes that are involved in various cellular processes, including cell invasion and metastasis (4) (5) (6) . the invasion and metastasis of tumor cells, and the related degradation of the extracellular matrix (ecm) are closely associated with the development of malignant tumors. ecm degradation by extracellular proteinases is a key step and matrix metalloproteinase (mmPs) are primarily responsible for ecm degradation. in particular, mmP9 has been shown to play critical roles in the invasion and metastasis of many tumors (7-9) apart from astrocytoma.
the phosphatase and transactivator eyes absent (eya) family encodes a group of transcription cofactors for eye development, which play important roles during organ development through multiple signaling pathways, including the epidermal growth factor receptor (eGfr), transforming growth factor (tGf), Hedgehog and notch pathways (10) (11) (12) . recent studies have indicated their roles in human cancer proliferation and metastasis (13, 14) . eya2 has been shown to be upregulated in ovarian cancer and to correlate with poor overall patient survival (15) . it has also been demonstrated that eya2 depletion inhibits the viability, growth and migration of HPV-16 transformed cervical keratinocytes (16) . these studies suggested that eya2 is a potential cancer-related protein during cancer development and progression. to date, its expression and biological roles in human astrocytoma remains unexplored, however. in this study, we examined the clinical significance of Eya2 in 90 cases of astrocytoma using immunohistochemistry. We also investigated its biological characteristics in human astrocytoma cell lines.
Materials and methods
Patients and specimens. the study protocol was approved by the Institutional Review Board of the First Affiliated Hospital of china medical university. a total of 90 cases of archived primary tumor specimens embedded in paraffin were obtained from the department of Pathology. for 15 of the 90 patients, paraffin-embedded adjacent non-cancerous normal brain tissues were also obtained. these specimens were from 90 patients diagnosed with astrocytoma who underwent resection at the First Affiliated Hospital of China Medical University between 2012 and 2014. informed consent was obtained from all these patients. Histological diagnosis was performed and the astrocytoma tissues were classified as grades Ⅰ-Ⅳ according to the WHO classification guidelines (2007).
Immunohistochemistry. Surgically excised astrocytoma specimens were fixed in 10% neutral buffered formalin, embedded in paraffin, and 4-µm-thick sections were prepared. Astrocytoma tissue sections were used for immu nostaining with the maixin elivision plus kit (fuzhou maixin Biotechnology co., ltd., Fuzhou, China). The sections were deparaffinized and antigen retrieval was performed in citrate buffer for 2 min using an autoclave. endogenous peroxidase was then blocked using hydrogen peroxide. eya2 rabbit polyclonal antibody (1:300 dilution; 11314-1-aP; Proteintech inc., chicago, il, uSa) was used to incubate the tissue sections at 4̊C overnight. Incubation with polymer secondary antibody was performed after washing with phosphate-buffered saline (PBS). the daB plus kit (fuzhou maixin Biotechnology co., ltd.) was used to develop the staining. counterstaining was carried out using hematoxylin, and the sections were dehydrated in alcohol before mounting.
Strong nuclear staining was regarded as positive. Samples with <15% strong nuclear staining were regarded as having a negative/low expression. Tumor samples with ≥15% strong nuclear staining were considered to have a eya2 high expression.
Cell culture and transfection. the u251, u87, a172 cell lines were obtained from the american type culture collection (atcc; manassas, Va, uSa). the cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (fBS) (Hyclone, logan, ut, uSa). the astrocytoma cells were cultured in sterilized bottles. the eya2 plasmid was obtained from origGene technologies, inc. (rockville, md, uSa) and transfection was performed using lipofectamine 3000 reagent. sirna against eya2 (eya2 sirna), Six1 sirna and control sirna were all purchased from dharmacon (Ge Healthcare dharmacon inc., lafayette, co, uSa). dharmafect reagent (Ge Healthcare dharmacon inc.) was used to transfect the sirna. erK inhibitor (Pd98059) was purchased from Sigma-aldrich (St. louis, mo, uSa). the cells were treated with Pd98059 at the concentration of 20 µm for 6 h.
Reverse transcription-quantitative PCR (RT-qPCR)
. rna was isolated from the cells and tissues using trizol reagent (life technology, St. louis, mo, uSa) according to the manufacturer's instructions. cdna was obtained using the PrimerScript rt master mix kit (takara, dalian, china). 20 µl of reverse-transcription reaction solution consisted of 4 µl 5X rt master mix and 800 ng rna. the reaction procedure was 85˚c, 2 min and 37˚c, 30 min. Quanti tative Pcr was performed using SYBr-Green Pcr master mix (takara Bio, inc., Shiga, japan) in a total volume of 20 µl on 7900 Real-Time Pcr system (applied Biosystems, foster city, ca, uSa) as follows: 95̊C for 30 sec, 40 cycles of 95̊C for 5 sec, 60̊C for 30 sec. β-actin was used as the reference gene. the relative levels of gene expression were calculated using the 2 -ΔΔCq method. The sequences of the primers are listed as follows: eya2 forward, 5'-cactccctGaaGGcactaaacctc atc-3' and reverse, 5'-ctGcattatcctctcGaaGcaGct ctc-3'; cyclin d1 forward, 5'-tGGaGGtctGcGaGGa aca-3' and reverse, 5'-ttcatcttaGaGGccacG aacat-3'; cyclin e forward, 5'-aGccaGccttGGGacaataat-3' and reverse, 5'-GaGcctctGGatGGtGcaat-3'; mmP9 forward, 5'-cctctGGaGGttcGacGtGa-3' and reverse, 5'-taGGctttctctcGGtactGGaa-3'; actin forward, 5'-ataGcacaGcctGGataGcaacGtac-3' and reverse, 5'-caccttctacaatGaGctGcGtGtG-3'.
Matrigel invasion assay. cell invasion assay was performed using a Transwell chamber. The inserts were coated with 18 µl matrigel from Bd Biosciences (San jose, ca, uSa) with a dilution rate of 1:4. at 48 h after sirna transfection, the cells were trypsinized and 100 µl of serum-free DMEM were used to dilute cells, which was added to the upper chamber followed by incubation for a further 20 h. dmem with 15% fBS was added to the lower chamber. the cells that passed through the filter were fixed, stained with hematoxylin and counted under a microscope (BX53; olympus, tokyo, japan).
Colony formation assay and cell counting kit-8 (CCK-8)
cell viability assay. for colony formation assay, following transfection, the cells were plated into 6-cm dishes and cultured for 2 weeks. the cells were then stained with Giemsa (Sigma-aldrich). to observe the colonies. the colonies with >50 cells were counted using a microscope (cX23; olympus).
for ccK-8 assay, the cells were seeded in 96-well plates and 20 µl CCK-8 solution were added to each well. CCK-8 solution was incubated with the cells for 4 h, and the medium was then removed, and the remaining formazan was dissolved using dmSo and measured at 450 nm using a microplate reader (5119100, multiskan™ fc; thermo fisher Scientific, inc., carlsbad, ca, uSa).
Western blot analysis. total proteins were extracted using Pierce cell lysis buffer (Pierce, Thermo Fisher Scientific, Inc., Rockford, IL, USA). The proteins were quantified by the Bradford method. A total of 50 µg of protein was transferred onto PVdf membranes following separation by SdS-PaGe. The membranes were incubated at 4̊C overnight with primary antibodies against eya2 (1:1,000; 11314-1-aP; Proteintech), Six1 (1:1,000; SaB2104425; Sigma-aldrich), cyclin d1 (2978), cyclin e (20808), p-erK (9101), erK (9102), mmP9 (3852) and GaPdH (2118) (1:1,000; all from cell Signaling technology, inc., Boston, ma, uSa). following incubation with HrP-coupled anti-mouse (sc-2789)/rabbit (sc-2357) igG (1:1,000; Santa cruz Biotechnology, Inc., Santa Cruz, CA, USA) at 37̊C for 2 h, the bound proteins were visualized using an ecl kit (Pierce) and detected using a dnr Bio-imaging System (dnr Bio-imaging Systems, ltd., jerusalem, israel). the densitometry of western bands was measured using imagej software.
Immunoprecipitation. A sufficient amount of antibody was added to 500 µg protein and gently rotated at 4̊C overnight. The immunocomplex was captured by adding 25 µl protein a/G agarose beads (cell Signaling technology, inc.) and rotated at 4̊C for 2 to 3 h. The mixture was centrifuged at 1,500 x g for 5 min and the precipitate was washed 3 times with cold PBS, resuspended in sample buffer and boiled for 5 min to dissociate the immunocomplex from the beads. the supernatant was then collected by centrifugation (1,500 x g for 5 min at 4˚C) and subjected to western blot analysis.
Statistical analysis. SPSS version 16.0 software (SPSS inc., chicago, il, uSa) for Windows was used for all statistical analyses. The Chi-square test was used to investigate the clinical data. a t-test was used to compare other data. a value of p<0.05 was considered to indicate a statistically significant difference. the experiments were repeated 3 times.
Results
Eya2 is upregulated in human astrocytoma tissues and correlates with tumor grade. We examined eya2 protein expression in 90 cases of astrocytoma tissues and 15 adjacent non-cancerous tissues using immunohistochemistry. We found a negative/low expression of eya2 in glial cells in normal tissue ( fig. 1a) . Positive nuclear eya2 staining was observed in 36.7% (33/90) of the astrocytoma tissues ( fig. 1B-f) . We also analyzed the correlation between eya2 expression and clinical characteristics. a high eya2 expression was found to positively correlate with an advanced tumor grade. as shown in table i, Eya2 regulates the proliferation andinvasion of astrocytoma cell lines. in order to explore the biological function of eya2 in astrocytoma cells, we analyzed its expression level in 3 astrocytoma cell lines (u251, u87 and a172) ( fig. 2a) . transfection with the eya2 expression plasmid was performed in the a172 cell line, which was fouond to have a low endogenous expression of eya2. sirna knockdown was carried out in the u251 cell line, which was found to have a high expression of eya2 ( fig. 1a) . as shown in fig. 2B , the protein and mrna levels of eya2 were significantly increased following transfection with the expression plasmid, and were decreased following transfection with sirna. the role of eya2 in cell growth was examined by ccK-8 cell viability assay ( fig. 3a) . the results revealed that transfection with the eya2 expression plasmid increased the cell growth rate and the silencing of eya2 inhibited cell proliferation. colony formation assay revealed that transfection with the eya2 expression plasmid significantly increased the colony number in the a172 cells. on the contrary, the knockdown of eya2 in the U251 cells significantly decreased the colony number (Fig. 3B) . tran swell invasion assay was also performed to examine the role of eya2 in the invasion of both the a172 and u251 cell lines. the results revealed that the knockdown of eya2 decreased the number of invading u251 cells, and that eya2 overexpression in the a172 cells facilitated cell invasion (fig. 3c ).
Eya2 regulates cell cycle progression and related protein expression. the above-mentioned results indicated that eya2 promoted astrocytoma cell proliferation and invasion. thus, we further examined the effect of eya2 on cell cycle progression. as shown in fig. 4a , eya2 overexpression in the a172 cells facilitated the G1/S transition, while the knockdown of eya2 in the u251 cells decreased the percentage of cells in the S phase. We further examined the levels of cell cycle-related proteins and found that eya2 overexpression positively regulated cyclin d1 and cyclin e mrna and protein expression ( fig. 4B) . However, the knockdown of eya2 in the u251 cell line downregulated the mrna and protein expression of cyclin d1 and cyclin e. in addition, eya2 overexpression upregulated the mrna and protein levels of mmP9, a protein that is closely associated with cancer invasiveness (fig. 4B ).
Eya2 regulates cell invasion through ERK signaling. to explore the potential mechanisms of the eya2 regulation of cell invasion, we examined the changes in several signaling pathways previously reported to be involved in cancer invasion (17) (18) (19) (20) (21) . We found that eya2 overexpression upregulated erK phosphorylation, while eya2 knockdown downregulated erK phosphorylation ( fig. 4B) , suggesting that the erK pathway may be responsible for the invasion-promoting effects of eya2. To confirm the role of ERK as the mediator of invasiveness, the ERK inhibitor, PD98059 (20 µM, 6 h), was used to treat the a172 cells transfected with the eya2 expression plasmid. as shown in fig. 5a , treatment with the erK inhibitor blocked the promoting effect of eya2 on cell invasion. in addition, western blot analysis and Pcr revealed that treatment with the erK inhibitor abolished the effect of eya2 on mmP9 upregulation in the a712 cell line at both the mrna and protein level ( fig. 5B ).
Eya2 interacts with Six1 protein in U251 cells. eya2 has been previously regarded as a Six1 partner, which has been reported to be an important cancer-related protein (22, 29) . To confirm this, immunoprecipitation was performed. We immunoprecipitated eya2 from u251 cell lysate and analyzed it for Six1 binding. as shown in fig. 5c , eya2 co-immunoprecipitated with Six1 in the u251 cells. We also examined the protein expression of Six1 in 3 astrocytoma cell lines. We found that Six1 expression was high in the u251 cells and low in the u87 and a172 cells, which closely correlated with the eya2 levels ( fig. 2a) . to validate the involvement of Six1 in the biological role of eya2, we adopted Six1 sirna to deplete its endogenous expression in the a172 cells ( fig. 5d ). Western blot analysis and real-time Pcr analysis demonstrated that the depletion of Six1 downregulated mmP9 expression in the a172 cells. in addition, eya2 overexpression failed to upre gulated mmP9 mrna and protein in the Six1-depleted cells, which indicated Six1 that is required for the biological effects of Eya2.
Discussion
eya2 overexpression has been reported in several human malignancies (15, 16, 23) . in this study, we found that eya2 protein was overexpressed in 36.7% of human astrocytoma specimens, and its expression was higher in grade iii and iV astrocytomas than in grade i and ii astrocytomas. using sirna and plasmid transfection, we demonstrated that the knockdown of eya2 significantly inhibited the U251 cell growth rate and colony formation ability. matrigel invasion assay revealed that eya2 overexpression promoted the invasive ability, while eya2 knockdown inhibited the invasive ability. Since eya2 overexpression accelerated and its depletion inhibited astrocytoma cell growth and colony formation, we examined the changes in cell cycle progression. in accordance with the above data, eya2 facilitated cell cycle transition, particularly during the G1/S checkpoint. We also found that eya2 overexpression upregulated the level of cyclin d1 and cyclin e, which are key regulators of cell cycle progression, particularly during the G1/S checkpoint. Previous studies have demonstrated that cyclin d1/e are important cancer markers during astrocytoma progression (24, 25) . thus, eya2 promotes astrocytoma cell proliferation possibly through the regulation of cell cycle-related proteins. it was has been reported that Eya2 is required to mediate the pro-metastatic functions of Six1 via the induction of transforming growth factor (tGf)-β signaling (14) . eya2 also serves as an oncogene in cervical carcinogenesis by promoting viability, migratory capacity and anchorage-independent growth (16). eya2 also serves as an oncogene in breast cancer cells (23) . our biological results are in accordance with those of the above-mentioned previous studies indicating eya2 is an oncogene which can regulate both the proliferation and invasion of astrocytoma cells. the molecular mechanisms of action of eya2 related to the promotion of cell invasion were also investigated by examining related proteins and signaling pathways. We found that eya2 overexpression positively regulated erK signaling, and regulated mmP9 mrna and protein expression. erK activation has been demonstrated to facilitate astrocytoma invasion and metastasis via the upregulation of mmP family proteins (26) (27) (28) . importantly, treatment with the erK inhibitor, Pd98059, abolished the promoting effects of eya2 on both cell invasion and mmP9 protein expression. these results indicated that eya2 promoted astrocytoma invasion possibly through erK signaling.
eya2 has been reported as the binding partner of Six1, which serves as an oncoprotein in multiple types of cancer, including astrocytoma (29-32). Six1 and eya2 have been reported to be critical for metastasis in a breast cancer model (14, 29) . Six1 has also been reported to promote cancer proliferation and invasion through the regulation of cell cycle protein and erK signaling (30, 33, 34) . thus, we hypothesized that the effects of eya2 on erK signaling and mmP9 are dependent on its association with Six1. to validate this hypothesis, we first confirmed that eya2 can interact with Six1 protein using immunoprecipitation. Second, we found that Six1 protein levels closely correlated with eya2 expression in the cell lines. third, the depletion of Six1 by sirna blocked the promoting effect of eya2 on mmP9 expression. taken together, these results suggest that eya2 exerts its oncogenic effects by interacting with Six1 protein and activating erK/mmP9 signaling.
in conclusion, the present study demonstrated that eya2 was overexpressed in human astrocytoma and correlated with an advanced tumor grade. eya2 interacts with Six1 and promotes astrocytoma cell proliferation and invasion through the upregulation of cyclin proteins and erK signaling.
